ABSTRACT
INTRODUCTION
Active Distribution System (ADS), proposed by CIGRE in 2009 [1] , has featured the addition of Distributed Energy Resources (DER) with the inclusion of Distributed Generations (DG), load control, and Energy Storage System (ESS) including Electrical Energy Storage (EES) and Thermal Storage Systems (TSS) to the traditional distribution system planning. TSS based on phase change materials (PCM) with solid-liquid transition are considered to be an efficient alternative to sensible thermal storage (STS) systems [2] . From an energy efficiency point of view, Phase-Change Energy Storage (PCES) systems have the advantage that they operate with small temperature differences between charging and discharging. Furthermore, these storages have high energy densities compared to STS [2] [3] . In recent years, there are some researchers working on the topic of evaluation model for applying PCES [4] - [6] . In [4] , a PCM utilization factor and corresponding design tool to evaluate the effect of PCM wallboards are proposed. Using daytime solar energy for supplying heat for a building after storing energy by paraffin (one of PCM) is proved to be feasible in [5] . Other Researchers propose a model to evaluate the thermal performance of building wall and roof incorporating PCM panel for cooling application in [6] . It's noteworthy that, these models aim at evaluating the energy-saving benefit of implementing PCES, instead of optimize the capacity of PCES considering the coordination between ADS with PCES and bulk power market. A linear programing model to calculate the optimal size of PCES for the planning of ADS is proposed in this paper. The objective function of proposed model considers the investment and operation cost of ADS, and the constraints include the operating conditions of ADS and PCES. A case study based on the real peak-valley electricity price and 8760-hours cooling load in Beijing proved the effectiveness of proposed model. The numerical results of the case studies illustrated the economic benefit of implementing PCES in ADS for urban area.
TYPICAL APPLICATION MODE OF PCES IN ADS
PCES can be manufactured in different shapes, as shown below:
Figure 1 Different shapes of PCES units
With the features of higher energy efficiency and smaller temperature differences between charging and discharging, the heat exchange of PCES is more controllable than that of STS. Compared with EES, e.g. battery storage, and STS, the advantages and disadvantages of applying PCES in ADS of urban area are concluded in Table 1 . The cost of construction projects and ancillary facilities for each type of ESS has been considered in the first line of the table "per-unit cost", which is based on the data provided in [7] and the manufacturers. The "MWh" here refers to the electrical power consumption while supplying cooling load with air conditioner, the coefficiency of performance (COP) of which is 1:4. From this table it can be concluded that: EES is much more expensive than PCES and STS if they are applied as thermal energy storage devices. It should be noted that, even compared with STS, e.g. water storage tank, PCES is more suitable for being constructed in ADS for urban area due to its higher energy densities and efficiency, which results in a lower area and room consumption.
The proposed mode for applying PCES in ADS is shift power load from peak load hours to valley load hours, as illustrated in Figure 2 . That is, storage the heating/cooling energy with relatively cheap electricity at night, then discharge and supply heating/cooling load in daytime replacing electrical boiler and air conditioner. Because it's common that there is a considerable price difference between the electricity prices of peak load hours and valley load hours in most bulk power market, thus can make it economic to add PCES in ADS for utilities, so that they can reduce the electricity power cost when trading with bulk power market.
Figure 2 Proposed Operation Strategy of PCES
For example, current industrial and commercial peakvalley price in Beijing is illustrated in Table 2 below, which indicates the potential of applying PCES in ADS to reduce the total cost of investment and operation. 
MODEL FORMULATION Objective function
The objective of proposed model is to minimize the total cost of investment and operation for ADS in terms of supplying cooling load. Therefore, the investment cost is mainly the construction project and facilities of PCES. And the operation cost considers the electricity power trading cost of ADS with bulk power market. The objective function is as below: 
Constraints The Investment and Operation of PCES
Where (2) 
Where LOAD h g is the cooling power load of ADS at hour h, which is also a known condition by reasonable prediction.
CASE STUDIES Case Conditions
The case study was based on an actual demonstration project in a new development zone of Beijing, which has been discussed in [8] .
Figure 3 Block division of the new development zone
Based on the cooling load prediction data in Table 2 and planning results in [8] , the cooling load supplied by the combined cooling, heating and power (CCHP) was subtracted from the total cooling load, thus generating the cooling load supplied by the air conditioner and PECS, illustrated as Table 3 . In order to get the prediction annual cooling load power curve to plan the optimal capacity for PCES in each block, these data will be multiplied by the typical 8760-hour cooling load curve in Beijing, thus producing annual cooling load curve in, e.g. Block A, as shown in Figure 4 . In Figure 4 , the coordinate value of top point "y=27.17" means that the maximum cooling load power is 27.17 MW, which comes from the first row of Table 3 , "x=5127" means that the moment happens in h=5127 in this year, because the horizontal axis is the time. The parameters of PCES is shown below: Table 4 The cost and performance parameters of PCES The maintenance of PCES is usually covered by the manufacturer, some types of PCES are even maintenance-free. As a result, the cost of maintenance is set to 0. Because of PCES's excellent performance on thermal exchange efficiency and the assumption that charging and discharging are completed within one day, (5) and (6) . The planning period is 10 years (y=10), and the annual discount rate i=5%. And the electricity price is illustrated in Table 2 .
Parameters

Va lue Unit
Results and analyses
Proposed model is applied to calculate the optimal capacity of PCES in each block. The results are shown in table below. The cost data in Case 1 (without PCES) is from the planning results in [8] . It can be concluded from this table that the cost of supplying cooling load within planning period is significantly reduced by implementing PCES to realize supplying peak-hour cooling load with valley-hour electricity power energy. The total cost is reduced by 10277  10 4 RMB. It should be noted that this model hasn't considered other benefits such as power-supply reliability enhancement for ADS and the cost reduction on air conditioner yet. Therefore, the application of PCES can bring many benefits for the investment and operation of ADS. It should be pointed out that PCES is usually built up in the building or at least very close to the user side. As a result, the successful implementation of PCES depends on the willing of power-supply users and specific conditions of construction. However, these factors have not been considered and included in the proposed model.
CONCLUSIONS
A linear programing model is proposed to determine the optimal size of PCES in the planning of ADS. With the integration of PCES, this planning model is a further research for the previous work presented in a SCI-index journal paper on the comprehensive energy-supply planning for ADS [8] . The objective and constraints of this model consider the investment and operation cost of PCES. The peak-valley electricity price of Beijing and 8760-hours cooling load have been taken into consideration in terms of operation simulation. The case studies have proved the effectiveness of proposed model and illustrated the benefits of applying PCES in an ADS operated in a power market with significant peak-valley price difference. According to the numerical results, within the 10-year planning period, the total cost of supplying cooling load in urban area can be reduced by about 10% if PCES is applied. Also, the flexibility and energy efficiency of the system is improved significantly.
